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ABSTRACT Hydraulic systems have been widely used in construction machinery, aeronautics, astronautics,
automobiles, shipping, and other fields. Piston pumps are power source and core component in the hydraulic
system. The detection and assessment of leakage fault in piston pumps is challenging because: 1) piston
pump is always subjected to varying loads and operates at variable speeds, and the conventional condition
monitoring methods that rely on instantaneous behavior analysis can hardly give reliable prediction to the
actual health state of the piston pump and 2) it is not easy to obtain the typical condition monitoring data
that can reflect the change of the piston pump in dynamic behavior when it suffers different severity levels
of faults under various loading conditions. In order to tackle these issues, a model-based method for leakage
detection of piston pump under variable load condition was proposed in this paper. The liquid–solid coupling
model of piston pump is developed and verified at first. Then, with the aid of the model, different severity
levels of oil leakage faults are simulated. It is found that outlet pressure signals can better indicate the oil
leakage of piston pumps in comparison to the casing vibration signals. ‘‘Sub-harmonics’’ will appear in the
frequency spectra of outlet pressure signals in the presence of oil leakage fault. Finally, the dynamic responses
of the piston pump under different loading and structural health conditions are investigated systematically.
The results show that external load can significantly influence the dynamic responses of the piston pump and
the gradients of the trend lines of total ‘‘sub-harmonic’’ energy of outlet pressure provide correct prediction
to the presence and growth of the oil leakage fault. Based on the investigation results, a reliable oil leakage
detection and assessment method is proposed.
INDEX TERMS Piston pump, leakage, liquid–solid coupling model, condition monitoring.
I. INTRODUCTION
Hydraulic systems have been widely used in construction
machinery, aeronautics, astronautics, automobiles, shipping
and other fields. Its performance can affect the operation,
efficiency and reliability of the overall system [1], [2]. Pis-
ton pumps are power source and core component in the
hydraulic system attributing to their advantages of high
rated pressure, high force-to-weight ratio, high efficiency,
etc. Due to usually harsh working environment and heavy
working loads, piston pumps are prone to failures [3], [4].
Failures of piston pumps might cause unexpected machine
breakdowns, resulting in economic loss, even worse, catas-
trophic consequences [5], [6]. Relevant statistics show that
The associate editor coordinating the review of this manuscript and
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more than 50 percent of electromechanical equipment defects
are related to pumps faults [7]. Therefore, effective and fea-
sible fault diagnosis methods for piston pumps are vital for
successful operation of the whole system.
methods can be roughly divided into two categories.
They are respectively signal processing-based methods and
the artificial intelligence-based methods. As the condi-
tion monitoring signals collected from piston pumps are
usually noisy [8], [9], noise cancellation and fault fea-
ture extraction are two major tasks in the first category
of achievements [10]–[16]. For example, wavelet pack-
age decomposition was adopted in [10] for diagnosing a
hydraulic pump based on analyzing the energy distribu-
tions of wavelet package coefficients; the empirical mode
decomposition was employed in [12] to realize the condition
monitoring of a piston pump by analyzing its oil discharge
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pressure signals; the local mean decomposition was used
in [14] to deal with the fault-related modulation issues that
were present in the pump vibration signals; a method that
combines intermittent chaos and sliding window symbol
sequence statistics was proposed in [15] to realize the real
time diagnosis of pump faults; a simulation-determined band
pass filter is employed in [16] to improve the performance
of minimum entropy de-convolution (MED) for the fault
diagnosis of axial piston pump bearings; a hybrid method
of Walsh transform de-noising and Teager energy opera-
tor (TEO) demodulation is proposed in [17] in order to elimi-
nate the heavy background noises, and so on. The methods
based on artificial intelligence were implemented through
inputting the extracted fault features into artificial intelli-
gence tools, such as neural network [18]–[21], support vector
machine [22], and other kinds of intelligent pattern recogni-
tion tools [23]–[27]. For example, Yan et al. [18] developed
a scheme by using improved convolutional neural network.
It can be directly used without human intervention, although
the operator knows little knowledge about hydraulic pump.
Lu et al. [22] used optimized support vector regression (SVR)
model to detect faults and estimate the fault sizes of a piston
pump. Azadeh et al. [23] provided a correct and timely diag-
nosis mechanism of pump failures by knowledge acquisition
through a fuzzy rule-based inference system which could
approximate human reasoning.
All these efforts are quite helpful to improve the condition
monitoring of piston pumps, but still not successful enough
for engineering application. There are many reasons for this,
but the major reasons are
1) The most signal processing-based techniques are based
on the analysis of the instantaneous dynamic responses
of piston pumps, and then assess the health condition of
the piston pumps based on observing the variation ten-
dencies of the fault features over time. However, in the
actual operation of piston pump, the load is constantly
changing. the measured responses are not only affected
by the health condition of the piston pumps, but also
influenced by their operational and loading conditions.
All these factors are coupled together to take effect on
the dynamic responses of the piston pumps. However,
their coupling effect was not fully considered in the
process of condition monitoring;
2) The reliability and accuracy of the artificial
intelligence-based methods are highly dependent on
the quality of training. It is well known that a large
amount of data, collected under various operational,
loading and structural health conditions, are essential
for accomplishing the training. However, in practice it
is very difficult to obtain so many kinds of data from
the piston pumps;
3) In addition, both signal processing-based methods and
artificial intelligence-based methods are data-driven
methods, which lack in-depth dynamic characteristics
analysis of piston pump, especially the dynamic behav-
ior of piston pump when it suffers different severity
levels of faults under various loading conditions. The
provided physical insight into faults and their respec-
tive causes is limited.
As we know, model-based approaches to fault detection
can provide deeper insights. Physical models of hydraulic
pumps were employed for fault detection and diagnosis
by Yu [28], who used a bilinear fault detection observer
to detect faults in the fluidic and mechanical domain.
An extended Kalman filter is used in [29] for leakage detec-
tion in hydraulic pumps. A fault diagnosis method based
on a nonlinear unknown input observer is proposed in [20]
to realize intelligent hydraulic pump system fault detection.
However, due to the complex structure of piston pump and
the liquid-solid coupling effect, the accurate mathematical
model of piston pump is very difficult to obtain. The recently
developed virtual prototyping technology provides an effec-
tive tool to overcome this issue. Piston pump manufacturers
such as Rexroth [30] and other research institutes [31] have
already used the virtual prototype of piston pump for design
development and performance improvement.
In order to address these issues and fill the technology gap,
a model-based method for leakage detection of piston pump
under variable load condition is proposed in this paper. The
advantages of method is
1) It can help to understand the essential relations between
the faults and their corresponding dynamic responses;
2) It can help to readily obtain the dynamic response data
under any desired operational, loading and structural
health conditions;
3) It can help to better understand the characteristic fea-
tures of the faults from the simulated dynamic response
signals attributing to the absence of background noise
that are often present in practical signalsmeasured from
site.
The novelty of this research can be summarized as
1) The liquid-solid coupling model of a seven-piston
piston pump is developed in order to investigate the
dynamic behavior of the piston pump under various
loading and structural health conditions;
2) Instead of using the conventional condition monitoring
methods that are based on observing the variation ten-
dencies of the fault features over time, a more effective
and reliable oil leakage fault detection and assessment
method is developed based on considering the coupling
effect of loading and structural health conditions.
The remaining part of the paper is organized as follows.
First of all, the liquid-solid coupling model of a seven-
piston piston pump is developed in Section 2 and verified
in Section 3. In Section 4, different severity levels of leak-
age faults are simulated in the liquid-solid coupling model
to obtain the dynamic responses of the piston pump under
various loading and structural health conditions. Following
the analysis of the dynamic responses in different scenarios, a
more reliable oil leakage detection and assessment technique
is proposed in Section 5. The paper is concluded with a few
key remarks in Section 6.
99772 VOLUME 7, 2019
H. Tang et al.: Model-Based Method for Leakage Detection of Piston Pump Under Variable Load Condition
FIGURE 1. The 3-D solid model of the piston pump.
II. DEVELOPMENT OF THE LIQUID-SOLID
COUPLING MODEL
The liquid-solid coupling model of a seven-piston piston
pump is developed first in this paper for facilitating under-
standing the dynamic responses of piston pumps under vari-
ous loading and structural health conditions. The model was
built based on the following considerations:
1) Only necessary parts are considered in the model for
simplifying the calculation;
2) The assembly clearance andmanufacturing tolerance is
negligible in model development;
3) The oil film between friction pairs, such as piston
and cylinder, swash plate and slipper, cylinder and
valve plate, is assume perfect for operation. Therefore,
the friction coefficient of the oil film is assumed to be
a constant;
4) The fluid oil has constant viscosity under all considered
operational conditions.
The 3-D solid model of a seven-piston piston pump is
built first in SOLIDWORKS, as shown in Fig.1. The driving
shaft is connected to the external power. The cylinder block
is supported by a roller bearing, of which the outer-race is
mounted on the pump casing. As cylinder block rotates with
the driving shaft, the pistons will reciprocate in piston bores,
drawing and discharging the fluid through the valve plate
installed at the end side.
In order to establish multi-body dynamic model, the 3-D
solid model of piston pump was saved as ‘Parasolid’ format
file and imported into ADAMS. Then, the joints, loads and
drive forces were added. According to the kinematics and
dynamics of the piston pump, the joints between different
components are listed in Table 1. The addition of joints is an
important step, including selecting the type of joint, picking
component, defining location and picking geometry feature.
Here is an example of addition process of planar joint between
slipper and swash plate. First, the planar joint was selected.
Then, the bodies of slipper and swash plate were picked.
Furthermore, the center point of the contact surface between
slipper and swash plate was used as the location point of the
planar joint. Last, the geometry feature of the planar joint was
defined based on the selected location point. The multi-body
dynamics model of the piston pump was shown in Fig.2.
Dynamic response of some key components in piston pump
should be obtained by flexible body analysis. The 3-D model
TABLE 1. Joints in piston pump.
FIGURE 2. The multi-body dynamics model of the piston pump.
of the components which need to be flexible were saved
as ‘Parasolid’ format files and imported into ANSYS. After
the flexible process, including setting material parameter,
selecting unit type, meshing grid, defining rigid area, etc.,
the flexible models could be obtained and saved as modal
neutral files (MNF). The flexible models of shell and cap in
the piston pumpwere shown in Fig.2. Furthermore, the modal
neutral files (MNF) were imported into ADMAS/flexmodule
and the flexible models replaced their corresponding models.
The rigid-flexible coupling model of the piston pump could
be finally obtained.
Subsequently, the hydraulic model of the piston pump is
established in software AMESIM. The hydraulic model starts
with single piston model, as shown in Fig. 4. It includes the
flowmodel, movementmodel and valve platemodel. It can be
seen that the low pressure oil is sucked to the piston borewhen
the piston moves to the right. When the piston moves to the
left, the piston charges the high pressure oil out to drive loads.
This model also includes three types of leakage, i.e. leakage
between piston and cylinder (qv1), leakage between slipper
and swash plate (qv2), and leakage between cylinder and
valve plate (qv3). Then, replicate the assembled single piston
hydraulic model for seven times to achieve the hydraulic
model of the whole seven-piston piston pump. At each time
of replication, the initial phase of the model will be shifted
by a constant phase angle of 2pi/7 to differentiate the initial
positions of the pistons in different piston bores. The resultant
hydraulic model of the whole piston pump is shown in Fig.5.
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FIGURE 3. Flexible models of piston pump components.
FIGURE 4. The model of a single piston.
To enable the rigid-flexible coupling model and the
hydraulic model to work synchronously in simulating the
operation of a seven-piston piston pump, it is necessary
to define the coupling variables between the two models.
To ease the understanding of the cooperation of these two
models in the simulation process, a work diagram is illus-
trated in Fig.6. During the co-simulation process, the dynam-
ics simulationwas done inADMAS at first and the kinematics
parameters of seven pistons, such as displacement, velocity,
and acceleration, were imported through ADAMS/Controls
module. Then in AMESIM, the kinematics parameters were
loaded by ‘import ADAMS model’ module and hydraulic
pressures in seven piston bores could be obtained through
hydraulic system simulation. At last, the hydraulic pressures
in seven piston bores were transmitted to ADAMS and co-
simulation was finished.
FIGURE 5. The hydraulic model of the seven-piston piston pump.
FIGURE 6. Work diagram of the rigid-flexible coupling and hydraulic
models.
FIGURE 7. The movement diagram of the piston in a piston pump.
III. VERIFICATION OF THE MODEL
The movement diagram of the piston in a piston pump is
shown in Fig.7. Where, the origin of the coordinate system
‘o’ is located at the midpoint between the top dead center and
bottom dead center of the piston ball; the x-axis is the central
line of the cylinder block; the y-axis is vertically upward
through the origin; and the z-axis is vertically outward.
Take point A as the initial position of the piston ball, after
the cylinder block rotates an angle ϕ its new position can be
updated by using the following equations
x = −Rcosϕtanγ
y = Rcosϕ
z = Rsinϕ
(1)
where γ indicates the tilt angle of swash plate, and R repre-
sents its radius.
From (1), it is noticed that the piston exhibits two types
of motions. One is the linear reciprocating motion in the
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direction of x-axis, another is the rotational motion in the
direction perpendicular to the x-axis. The velocity and accel-
eration of the linear motion of the piston are
vi = ωRtanγ sinϕ (2)
ai = ω2Rtanγ cosϕ (3)
The instantaneous quantity of flow in a single piston cham-
ber is
qi = pi4 d
2vi = pi4 d
2ωR tan γ sinϕ (4)
where d denotes the diameter of the piston bore.
The total instantaneous flow in the discharge area of the
piston pump is the sum of the flow quantities in all pistons
bores, i.e.
qp=
∑ pi
4
d2ωR tan γ sinϕ= pi
4
d2ωR tan γ
∑
sinϕ (5)
For a piston pump with n pistons, the difference of the
phase angles of the adjacent pistons will be
β = 2pi
n
(6)
As the piston pump considered in this paper has odd num-
ber of pistons, (5) can be rewritten as
qp =

pi
4
d2ωRtanγ
cos(ϕ − β
4
)
2sin
β
4
, ϕ ∈ [0, β
2
]
pi
4
d2ωRtanγ
cos(ϕ − 3β
4
)
2sin
β
4
, ϕ ∈ [β
2
, β]
(7)
Obviously, the instantaneous flow quantity of the piston
pump is a periodic function with the frequency of n2pi . Its
maximum, minimum, and average values are
qmax = pi4 d
2ωRtanγ
1
2sinβ4
(8)
qmin = pi4 d
2ωRtanγ
cosβ4
2sinβ4
(9)
qave = n4d
2ωRtanγ (10)
The frequency of the pulsation of the flow will be
fq = nω60 (11)
Then, with the aid of these equations the velocity, accel-
eration and flow of the seven-piston piston pump can be
calculated. The calculation results will be used to verify the
accuracy of the liquid-solid coupling model developed in
Section 2.
Assume the rotational speed of the input shaft is ω =
1500 rev/min, the geometric parameters of the piston pump
are listed in Table 2, the velocity and acceleration of the
motion of the piston and the total flow of the piston pump
are calculated by using equations(2), (3) and (7) and the
TABLE 2. Parameters of the piston pump.
FIGURE 8. Comparison of the theoretical and simulation calculation
results.
TABLE 3. The maximum velocity, maximum acceleration and total flow
quantity.
liquid-solid coupling model developed in Section 2. The
calculation results are shown in Fig.8. Where, ‘theoretical
results’ refer to the results obtained from the mathematical
equations, while ‘simulation results’ represent those obtained
from the liquid-solid coupling model. Meanwhile, the values
of the maximum velocity and the maximum acceleration of
piston motion and the total flow of the piston pump obtained
from both approaches are also listed in Table 3 for facilitating
comparison.
From Fig.8, it is noticed that the oscillations of both the
velocity and acceleration of the reciprocating motion of the
piston and total flow obtained from the liquid-solid coupling
model are not stable until 0.2s. This is because in the calcula-
tions, the rotational speed of the input shaft is set to gradually
increase from 0 to 1500rev/min within 0.2s. From Table 2, it
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is found that the relative errors of the maximum velocity, the
maximum acceleration and the total flow are 0.05%, 0.07%
and 5.18%, respectively. The differences are so small and
ignorable. Thus, it can be concluded that the liquid-solid cou-
pling model developed in Section 2 can accurately simulate
the operation of the piston pumps. In particular, it is noticed
from Fig.7 that the total flow obtained from the model is
slightly smaller than that derived from the equations. This
is because clearance always exists between the piston and
piston bore, which will lead to minor oil leakage. This has
been well considered by the model by setting an appropriate
value of clearance (e.g. 0.005 mm in this paper). However,
it is unlikely to reflect this phenomenon by using the math-
ematical equations. Inspired by this, different severity levels
of oil leakage faults were readily simulated through assigning
different clearance values to the model. In addition, the math-
ematical equations are only able to describe the flow, they
are unable to describe the dynamic responses (e.g. vibration
and oil pressure) of an operating piston pump. Thus, the
liquid-solid coupling model is superior to the mathematical
equations from this point of view. This explains why the
modeling research conducted in this paper is based on a
fluid-solid coupling model rather than based onmathematical
equations.
The instantaneous flows and pressures in individual piston
bores are also calculated for checking the correctness of the
model. The results are shown in Fig.9. From Fig.9a, the piston
pump’s two working stages, i.e. oil discharge and oil suction,
can be clearly observed. The former is characterized by the
flow flux oscillating in the form of a sinusoidal signal; the
latter is characterized by zero flux of flow. The switch from
oil suction to oil discharge is indicated by a reverse pulsation
of the flow. The cycle of oil discharge and oil suction is 0.04 s,
which corresponds to the rotational speed of the input shaft
1500rev/min. It can be seen from Fig.9b that high pressure
and low pressure alternately appear in individual piston bore,
corresponding to the two working states of piston pump.
The high pressure has a certain pulse around the set load
pressure 23.5Mpa.There is a phase difference which match
the theoretical analysis well between the seven pistons.
Finally, the outlet pressure and its frequency spectra which
were calculated by using the Fast Fourier Transforms (FFT)
are shown in Fig.10. It can be seen from Fig.10a, during
the working process of the piston pump, since the seven
piston bores are connected with the oil outlet in sequence,
the outlet pressure is always in the high pressure area and
the pressure value is about 23.5Mpa. From Fig.10b, a funda-
mental frequency, 175Hz, is clearly observed. This frequency
corresponds to the operational frequency of the seven-piston
piston pump when the input shaft rotates at 1500 rev/min, i.e.
Operational frequency = n× ω/60 = 175(Hz) (12)
Based on these phenomena, it can be confirmed that
the liquid-solid coupling model developed in the Section II
does correctly describe the operation of the piston pump.
FIGURE 9. Instantaneous flows and pressures in individual piston bores.
Therefore, all the following research results developed based
on this liquid-solid coupling model should be reliable.
IV. FAULT SIMULATION AND DYNAMIC
RESPONSE ANALYSIS
With the aid of the liquid-solid coupling model, different
severity levels of oil leakage faults in the seven-piston pis-
ton pump are simulated in this section in order to achieve
an in-depth understanding of the dynamic responses of the
piston pump under different loading and structural health
conditions. Herein, the dynamic responses of the piston pump
will be indicated by the oil pressure in piston bore and the
vibrations of the piston pump in three mutual-perpendicular
directions x, y and z. Where, x indicates axial axis, y and z
refer to vertical and horizontal directions, respectively. The
vibration sensor in the model will be mounted on the outer
casing of the piston pump. In the research, three different
severity levels of oil leakage faults were simulated in one
of the seven piston bores by setting the clearance to be
0.005mm, 0.1mm and 0.2mm, respectively. As the clearance
of 0.005mm is quite small and ignorable, it is used to simulate
the normal condition. The clearance values of 0.1 mm and
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FIGURE 10. Outlet pressure and its frequency spectra.
0.2 mm are set to simulate the slight and serious oil leakage
faults, respectively. When the load pressure is 23.5 MPa
and the rotational speed of the input shaft is 1500 rev/min,
the flow and oil pressure in individual piston bore and those
at the outlet of the piston pump are calculated. The results are
shown in Fig.11, where the calculation results obtained in the
three fault simulation scenarios are displayed in the same plot
for easing comparison.
In theory, the oil leakage fault due to the worn of piston
and piston bore will not change the frequency of flow pul-
sation in the defective piston bore, however it will reduce
the amplitude of flow pulsation. Moreover, the more serious
the leakage, the more the flow pulsation amplitude will be
reduced. From Fig.11a, such a phenomenon can be perceived
although not very clearly. From Fig.11b, it is found that the
effect of oil leakage fault can be more clearly observed from
the oil pressure in individual piston bore. The oil pressure
waveforms show a clear declining tendency in the presence
of oil leakage. Moreover, the more serious the oil leakage,
the more the oil pressure will decrease. But in the actual
engineering application, due to the difficulty of measuring the
instantaneous flow and oil pressure in individual piston bores,
it is more feasible to realize the detection and assessment
of the oil leakage fault through investigating the outlet flow
signal and outlet oil pressure signal. Considering oil pressure
is relatively easier to measure and the pressure sensor is easy
to install in practice, the outlet oil pressure signals are further
analyzed in the following research.
From Fig.11c, it is interestingly found that the oil leak-
age occurring in one piston bore significantly influences the
outlet pressure of the piston pump. It is seen that the time
FIGURE 11. Flow and oil pressure of piston pump.
waveform of the outlet pressure is deformed by the oil leakage
fault. Moreover, the more serious the oil leakage, the more
the time waveform of the outlet pressure will be changed.
Moreover, based on Fig.11c, it can be predicted that outlet
pressure will be reduced more when multiple pistons and
piston bores are worn.
Frequency spectra of the outlet pressure are calculated by
using the Fast Fourier Transforms (FFT) and the correspond-
ing results are shown in Fig.12.
From Fig.12, the fundamental frequency, 175 Hz, is clearly
observed from all three frequency spectra in spite of
the health state of the piston pump. Additionally, it is
interestingly found that in the presence of the oil leakage
fault, n − 1 number of ‘sub-harmonics’ are present below
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FIGURE 12. Frequency spectra of the outlet oil pressure signals.
the operational frequency 175 Hz. Their frequencies are i ×(
operational frequency
/
n
)
(i= 1, 2, · · · ,n − 1). Moreover,
the more serious the oil leakage, the more significant these
‘sub-harmonics’ will tend to be. However, they cannot be
clearly observed when the oil leakage is absent.
Furthermore, the vibration behaviors of the piston pump
before and after the presence of the oil leakage faults are
investigated. The casing vibrations of the piston pump in three
directions x, y and z are calculated. The calculation results and
the corresponding frequency spectra are shown in Fig.13.
From Fig.13, it is found that in contrast to the influences
of the fault on flow and oil pressure, its influence on casing
vibrations is little, although the pump’s vibrations in the three
directions seem to decrease a little bit but not obvious when
oil leakage happens. This is because when the oil leakage
fault occurs, the damping of the system in the three directions
may show a little increase. But anyway, it can be concluded
that the oil leakage fault of the piston pump can be better
indicated by outlet oil flow and outlet oil pressure rather than
by the casing vibrations.
Finally, the following key information can be obtained
from the above calculation results. They provide important
clues for detecting and assessing the oil leakage fault in piston
pumps:
1) The outlet oil pressure signals will be deformed in the
presence of oil leakage fault. Moreover, the more seri-
ous the leakage, the more the signals will be changed.
‘Sub-harmonics’ will be present blew the operational
frequency of the piston pump when oil leakage occurs.
Moreover, the more serious the fault, the more signifi-
cant these ‘sub-harmonics’ will tend to be.
2) In comparison of oil pressure signals, the casing vibra-
tions are not good indicators of the oil leakage fault.
But the vibration signals do decrease a little bit in the
presence of the fault. Moreover, the more serious the
leakage, the more the vibration signals will reduce.
V. DETECTION AND ASSESSMENT OF LEAKAGE FAULT
The findings in Section IV provide important clues for detect-
ing and assessing the oil leakage fault in piston pumps. But
it is worth noting that all dynamic responses described in
TABLE 4. The results of Esub obtained in different scenarios.
Section IV are obtained when the piston pump is subjected
to constant external load, i.e. 23.5 MPa. However, in reality
the piston pump is often subjected to varying loads, which
can affect its dynamic responses as well and thus increase
the difficulty of oil leakage detection. To address this issue,
further research is conducted in this section by considering
varying loading conditions. In the research, considering the
difficulty of using the developed model to simulate continu-
ously varying loads, a few discrete constant loads, i.e.5, 10,
15 and 23.5MPa, are considered to enable the research. This
measure is acceptable because the load undertaken by the
piston pump often changes slowly over time. When we use a
very high sampling frequency to collect the response signals
of the pump, the change of pump load during the short
sampling period is small and ignorable, thus can be regarded
as constant.
The time waveforms of the outlet pressure signals obtained
under different loading conditions are shown in Figs. 14.
Inspired by the phenomenon observed from Fig.12,
the total energy Esub of the ‘sub-harmonics’ below the oper-
ation frequency of the piston pump is calculated by
Esub =
∑n−1
i=1 A
(
i× ω
60
)
(13)
where A(∗) indicates the magnitude of the subharmonic com-
ponent at frequency ‘∗’.
The values of Esub are calculated and its results obtained
in different loading and structural health scenarios are listed
in Table 4.
From Table 4, it is found that with the increase the external
load, the value of Esub increases regardless of the health
condition of the piston pump. Meanwhile, the value of Esub
increases also with the further deterioration of the oil leakage
fault. Apparently, both the external loads and the structural
health condition of the piston pump are coupled together to
take effect on the value of Esub. This rises the difficulty of
fault detection inevitably. To explore a solution for this issue,
the data listed in Table 4 are reorganized and shown together
in Fig.16, where the data obtained in different structural
health scenarios are indicated by different kinds of marks.
From Fig.15, it is clearly seen that the value of Esub does
increase with the increase of external load. However, it shows
different increasing tendencies against the external load when
the piston pump is in different health states. In other words,
the more serious the leakage fault, the more quickly the value
of Esub will increase with the increasing load. This suggests
that the gradient of the increasing tendency curve of Esub
against the external load can be used as a reliable indicator of
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FIGURE 13. Vibration behaviors in three directions.
the oil leakage fault. To calculate the gradient, the trend lines
of the data obtained in different scenarios are calculated. They
are mathematically expressed by the following equations:
y = 25241x − 9287.6 for normal condition
y = 52913x − 40515 for slight fault
y = 113252x − 90581 for serious fault
(14)
From (14), it is seen that the gradients of the trend lines
are 25241 for normal, 52913 for slight fault and 113252 for
serious fault, respectively. Indeed, the more serious the fault,
the larger the gradient value of the trend line will tend to be.
Through the above analysis, a model-based method for
leakage detection of piston pump under variable load con-
dition could be proposed, as shown in Fig.16. The steps are
as follows:
1) Collect the outlet pressure signal within a short period
(for example, one second);
2) Divide the collected pressure signal into equal seg-
ments (for example, four segments);
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FIGURE 14. Time waveforms of oil pressure signals under various loading
and structural health conditions.
FIGURE 15. The total sub-harmonic energy Esub in different scenarios.
FIGURE 16. Fault diagnosis procedure.
3) Calculate the frequency spectra of each segmentation
signal using FFT;
4) Calculate the energy Esub of the ‘sub-harmonics’ of
each segmentation signal according equation 13;
5) Calculate the gradient of the trend lines of Esub;
6) Detect and assess oil leak occurrence based on the
gradient.
Attributing to this fault detection and assessment method
is based on investigating the oil pressure signals collected
under a wide range of external loading conditions rather than
based on observing the instantaneous response of the pump,
the condition monitoring result derived from this method will
be more reliable.
VI. CONCLUSION
In order to achieve a more reliable technique for detecting
and assessing the oil leakage fault occurring in piston pumps,
in-depth analysis of the dynamic responses of the piston
pumps is conducted based on the liquid-solid coupling model
of a seven-piston piston pump. From the research described
above, the following conclusions can be drawn:
1) In comparison of the casing vibration signals, outlet
oil pressure signals can better indicate the oil leakage
fault of piston pumps. Outlet oil pressure signal will
be deformed in the presence of oil leakage fault. More-
over, the more serious the leakage, the more the signal
will be changed.
2) In the presence of oil leakage fault, ‘sub-harmonics’
will appear in the frequency spectra of outlet oil pres-
sure signals. Moreover, the more serious the fault,
the more significant these ‘sub-harmonics’ will tend
to be;
3) External load can significantly influence the dynamic
responses of the piston pump. This increases the dif-
ficulty of fault detection. However, it is found that the
gradients of the trend lines of total subharmonic energy
of outlet oil pressure provide correct prediction to the
presence and growth of the oil leakage fault.
4) A model-based method for leakage detection of pis-
ton pump under variable load condition is proposed.
Attributing to the calculation of gradients is based on
the investigation of the dynamic responses of the pis-
ton pump over a wide range of external loads rather
than based on the instantaneous responses of the pis-
ton pump, the fault detection and assessment results
derived from gradient is true and reliable.
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